Background: Bioelectrical impedance analysis (BIA) gives resistance (R) and reactance (Xc). R and Xc normalized for body height (H) can be plotted as a bivariate vector (H 2 /Xc versus H 2 /R). Vector BIA is useful for studying the determinants of BIA results. Objective: We investigated the effect of age on BIA results and its relevance to body-composition analysis in a large database of impedance vector distributions stratified by age, sex, and body mass index (BMI). Design: Mean bivariate vector distribution patterns (95% confidence ellipses) were examined in a German population of 15 605 children and adolescents and 213 294 adults. Children and adolescents were divided into 3 age groups with up to 5 BMI categories. In adults, 5 BMI categories were stratified into 7 age groups. Results: Mean impedance vectors were shorter in children than in adults. The vector distribution pattern was influenced by sex, BMI, and age, with shorter vectors in females than in males and longer vectors with increasing BMI. Consistent with a decrease in body cell mass with increasing age, there was a downward slope in the mean vector with age as a result of a decrease in the H 2 /Xc vector component. By contrast, there was no age-dependent increase in the H 2 /R vector component. In women of the same BMI at different ages, H 2 /R and percentage fat mass tended to decrease with age. Conclusions: The lack of an age-dependent increase in the H 2 /R vector component renders conventional BIA unsuitable for an examination of the age-related increase in body fat mass. By contrast, the increase in the H 2 /Xc vector component with advancing age suggests the potential of BIA to depict the age-related decrease in body cell mass.
INTRODUCTION
Vector bioelectrical impedance analysis (BIA, RXc-graph method) is a pattern analysis of direct impedance measurements (resistance, R, and reactance, Xc) plotted as a bivariate vector standardized by the subject's height (ie, expressing R/H and Xc/H in ⍀/m). This method was described as a useful tool for monitoring hydration status in renal (1-3) and critical care (4) patients, in the follow-up of obese subjects during weight loss (3) , and in infants (5) (6) (7) . In the clinical setting, the advantages of vector BIA are convincing: no algorithms for conversion of raw impedance data into body-composition compartments are required. Results are therefore not biased by the choice of regression equation, the accuracy of the criterion method, or the selection criteria of the reference population. Because vector distribution patterns differ between men and women and by race or ethnicity and are dependent on body mass index (BMI) and age, national reference distributions for R and Xc used for body-composition analysis have been stratified accordingly (8, 9) .
Vector distribution patterns reveal the determinants of BIA results; ie, the sex-and BMI-dependency of BIA results indicate that equations used for the prediction of body composition from impedance measurements need to be validated separately by sex and BMI classes (9) . The age-dependency of vector distribution has not yet been critically viewed with regard to its relevance to body-composition analysis.
The present work aimed to investigate vector distribution patterns according to sex, BMI, and age in a large database of white children and adolescents (n ҃ 16 237) and adults (n ҃ 214 294). We used a modified version of the RXc-graph with the vector components H 2 /R and H 2 /Xc to analyze the relevance of agerelated changes in vector BIA components for the description of age-related changes in body composition.
SUBJECTS AND METHODS
Subjects were recruited from 524 Precon-centers (commercial weight-management facilities) and the Kiel Obesity Prevention Study (KOPS) in Germany. Informed consent was obtained from all volunteers before participation. In case of children, parents provided written informed consent. Data comprising 10 127 girls (x Ȁ SD age: 11.5 Ȁ 3.9 y; range: 6 -17 y), 6110 boys (9.5 Ȁ 3.2 y; 6 -17 y), 183 982 women (42.5 Ȁ 13.2 y; 18 -102 y), and 30 750 men (44.6 Ȁ 13.5 y; 18 -100 y) were collected over a period of 14 y from June 1990 to August 2003. Data from 420 girls and 212 boys were omitted because the children's BMI (in kg/m 2 ) exceeded the highest age-dependent BMI category. Likewise, we excluded 499 women and 62 men because of underweight (BMI 18.5) and 761 women and 119 men because of severe obesity (BMI 50). Thus, the final study population consisted of 15 605 children and adolescents (age range: 6 -17 y) and 213 294 adults (age range: 18 -102 y) who were examined by a total of 530 trained observers. Training of the investigators followed the same manual. All subjects were white, nonpregnant and nonlactating, and healthy (defined as the absence of a clinical condition that could influence fluid balance, eg, renal, endocrine, or myocardial disease, as ascertained by participant questionnaire). There were no further selection criteria.
Data were acquired between 0700 and 1200. In the case of adults, all subjects were instructed on the importance of fasting overnight before measurement. Fasting was not a precondition for study participation by children. Body weight was measured to the nearest 0.1 kg and standing height to the nearest 0.5 cm with the subject in underwear and without shoes. BMI (kg/m 2 ) was calculated with weight (kg) and height (m) measurements. A single tetrapolar BIA measurement of resistance (R) and reactance (Xc) was taken at a fixed frequency of 50 kHz between the right wrist and ankle (standard placement of surface electrodes) with a body impedance analyzer (BIA 2000-S; Data Input, Frankfurt, Germany) while the subjects were in a supine position on a nonconductive surface. (See reference 10 for a detailed description of the measurement procedure.) Mean CVs for within-day and between-day intraindividual measurements by the same observer were 2% for R and 3.5% for Xc and 1.5% for R and 5% for Xc, respectively. The study was approved by the Ethical Committee of the Christian-Albrechts-University of Kiel. All data are given as means Ȁ SDs. Statistical analyses were performed by using SPSS for WINDOWS 8.0 (SPSS Inc, Chicago, IL). Pearson's correlation coefficients were calculated for relations between H 2 /R and H 2 /Xc. A P value 0.05 was considered as statistically significant. Differences between age or BMI groups were analyzed by ANOVA with Bonferroni post hoc test. Interactions among age and BMI categories were also investigated by ANOVA.
Confidence ellipses were calculated by using BIVA software (A Piccoli, G Pastori, Department of Medical and Surgical Sciences, University of Padova, Padova, Italy, 2002; available by E-mail: apiccoli@unipd.it). The calculation of confidence limits for mean impedance vectors requires bivariate normal distributions of H 2 /R and H 2 /Xc and is explained in detail by Piccoli et al (1, 9) . Confidence ellipses describe the area in which the mean sex-, BMI-, and age-specific two-dimensional vectors fall within a 95% probability (1). This implies that graphically nonoverlapping 95% confidence ellipses are significantly different from each other (P 0.05; conterminous with a significant Hotelling's T 2 test; 1).
RESULTS
Study groups were divided into sex, BMI, and age classes as follows: 15 605 children and adolescents were stratified into 3 age groups with up to 5 BMI classes (6 -9 y with BMIs of 9 -13, Tables 1-3 are all the parameters necessary for calculation of the respective confidence or tolerance ellipses in subgroups of women (Table 1) , men (Table 2) , and children and adolescents (Table 3 ). The size of the confidence ellipses was influenced by the variability of the vector components and the sample size (smaller ellipses from a greater number of subjects with a similar SD). The shape of both the tolerance and the confidence ellipses was determined by the coefficient of correlation between H 2 /R and H 2 /Xc (more flat and elongated shape with a higher correlation).
The sex and BMI dependency of the vector distribution patterns within age classes (95% confidence ellipses) for adults is shown in Figure 1 . Within a BMI and age category, vectors for women were significantly shorter than those for men. With decreasing BMI, there was a progressive shortening of the impedance vectors with a combined decrease of both the H 2 /R and the H 2 /Xc components, without overlapping of confidence ellipses.
In Figure 2 , 95% confidence ellipses were plotted for subgroups of children and adolescents. Mean impedance vectors in children were shorter than in adults, and a gradual vector shortening was observed with decreasing age. Sex differences in vector distribution were already apparent in children, although they were less pronounced than in adults. Longer vectors were found in boys than in girls of the same age and BMI group, without a difference in mean vector direction between the sexes. In Figure 3 , the age dependency of mean vector placement is apparent as a continuous down-sloping of the mean vector as the result of a decrease in the H 2 /Xc component with decreasing age. By contrast, the H 2 /R component within each sex and BMI group remained fairly constant with increasing age. In Figure 4 , 35 795 women were divided into 6 groups of a certain BMI and 6 age ranges. This classification required a large sample size and could therefore not be done in men because of insufficient numbers in individual BMI categories. As shown in Figure 4A , the H 2 /R component increased with increasing BMI (P 0.05 for all age groups), whereas there was no consistent change or even a slight (11) did not show an age-related increase but rather a slight decrease in percentage fat mass in these women ( Figure  4B ). By contrast, the H 2 /Xc component decreased with increasing BMI and age ( Figure 4C ), which resulted in a decrease in body cell mass (calculated by the manufacturer's algorithm as total body water/0.732 ҂ phase angle ҂ constant) with age in each BMI group ( Figure 4D ).
DISCUSSION
We established a large database of impedance vector distributions that exceeds current databases with respect to numbers and BMI and the age ranges covered. We used the database to analyze age-related changes in the vector components H 2 /R and H 2 /Xc with respect to their effects on body-composition analysis. The main result of our study was the insensitivity of conventional BIA to age-related changes in fat mass.
Applications for vector BIA
The RXc graph is a probability chart that relates an individual vector according to the mean value of the reference population (9) . Sex-, BMI-, and age-specific vector distribution patterns 1) contribute to a better understanding of the factors influencing impedance results, 2) may be used a healthy reference when individual patient data are analyzed, and 3) serve as a quality criterion for BIA results before the application of algorithms to calculate total body water or fat-free mass. The comparison with reference vector distributions allows one to discriminate between impedance values that 1) lie within the normal range (and may therefore reasonably be converted into total body water or fat mass) or 2) lie outside the respective reference range and thus must not be converted into total body water or fat mass. If an individual vector does not match with its sex-, BMI-, and agespecific reference distribution, this is explained by either a measurement error (eg, false placement of electrodes) or increased or decreased hydration fraction of the fat-free mass (eg, in case of edema or dehydration). Vector BIA thus can be used as a measure of quality control to prevent misinterpretation of impedance readings and thus erroneous predictions of body compartments. A comparison of an individual impedance measurement with a reference database is easily achieved by using tolerance ellipses of the RXc graph. Tolerance ellipses are bivariate percentiles indicating the probability that an individual measurement falls at Within each sex, vector shortening is observed with decreasing BMI; ie, the lowest BMI group is represented by the shortest vector and the highest BMI group by the longest vector. H, subjects' height; R, resistance; Xc, reactance. The figure is based on data from 29 674 men and 179 429 women. The numbers of subjects in each BMI and age category are given in Tables 1 and 2 . Graphically nonoverlapping 95% confidence ellipses are significantly different from each other, P 0.05 (conterminous with a significant Hotelling's T 2 test).
a given distance from the observed mean vector of the reference population obtained with the same type of impedance analyzer. Tolerance ellipses for the R/H and Xc/H vector components have been reported for sex-specific populations comprising age ranges of 20 -69 y and BMI ranges of 19 to 30 (8, 9) .
Determinants of vector distribution pattern
Vector length is influenced by the amount of total body water and thus fat-free mass per conductor length. Men and obese subjects had greater fat-free mass per body height along with shorter R/H or longer H 2 /R vector components (Figures 1-3; 1-3,  8, 9 ). By contrast, vector direction (phase angle) is influenced by soft tissue cell mass, which is modified by age in healthy subjects.
Fluid overload and increasing fat mass both lead to progressive vector shortening of the classic R/H and Xc/H vector components (1-3) or vector elongation of our modified vector components H 2 /R and H 2 /Xc. Discrimination between the 2 conditions is possible, however. With increasing fat mass, the H 2 /Xc vector component remains in a fixed sex-dependent relation to the H 2 /R component (which is reflected by a constant phase angle with increasing BMI from 25 to 50; Figure 1 ). By contrast, fluid overload in renal patients was accompanied not only by vector shortening (lowering of the R/H vector component) but also by vector down-sloping (lowering of phase angle), which could both be reversed after hemodialysis (3). Thus, fluid shifts occur along the major axis of a tolerance ellipse, and the upper and lower poles of the 75% tolerance ellipse represent the biological thresholds for clinically relevant dehydration and fluid overload, respectively (1, 2).
Age-dependency of BIA variables
There is evidence that body composition can be accurately estimated with conventional BIA by using sex-specific regression equations validated against a 4-compartment model in the age range of 12-94 y and BMI range of 14 -39 (11) . However, the lack of increase in the H 2 /R component with increasing age at the same BMI ( Figure 4A ) might explain the insensitivity of H 2 /R to age-related changes in body composition ( Figure 4B ). The use of a prediction equation for body composition that included both H 2 /R and Xc (12) also failed to show an increase in percentage fat mass with age at the same BMI (results not shown). With the use of dual-energy X-ray absorptiometry or a 4-compartment model, mean percentages of body fat mass in 60 -79-y-old women and men were shown to be 3% and 5% higher than the percentages in 20 -39-y-old subjects of the same BMI (13) . The inclusion of age as an independent variable in the regression equation might . The numbers of subjects in each BMI and age category are given in Table  3 . H, subjects' height; R, resistance; Xc, reactance. Graphically nonoverlapping 95% confidence ellipses are significantly different from each other, P 0.05 (conterminous with a significant Hotelling's T 2 test).
therefore be indispensable for a plausible result, ie, an increasing percentage fat mass with age at the same BMI. By contrast, age-related changes in body cell mass might be predictable by conventional BIA by applying prediction equations that include Xc ( Figure 4C and D) . BIA prediction equations need to be developed and validated in the population under study (14, 15) . Some authors suggest that application of BIA to elderly populations requires only uniform validation procedures in the actual study population but not age-specific equations (16) .
Study limitations
The limitations of our study derive from the selection criteria of the sample (ie, inquiring rather than examining participants' health status). Thus, we cannot exclude disturbances in fluid balance due to mild cardiac or renal insufficiency. However, because of the large sample size, the low variation in results (SD of H 2 /R and H 2 /Xc), and the 95% CI, the effect of this bias should be negligible. Additionally, our study lacks independent data on body-composition analysis (eg, measuring total body water by deuterium dilution) to confirm that individual vector placements solely determined by electrical properties of tissue per human conductor length relate to body composition independently of body shape and geometry. Future studies will be needed to examine this issue. Although we collected a huge database from centers located in different regions of Germany, our data cannot be considered to be representative of the German population. Because weight reduction was the main reason for monitoring nutritional status in the Precon centers, our data on overweight and obese subjects exceed the average of age-and sex-specific German population references (17) . However, the aim of our study was to examine the patterns of bioelectrical impedance vector distribution by BMI and age. Thus, we only required a reasonable number of cases in each BMI and age group. The lack of representativeness of our study population as a whole is not contrary to the use of our data as a reference for the sex-, age-, and BMI-dependent distributions of H 2 /R and H 2 /Xc because 1) we FIGURE 3. Mean impedance vectors with 95% confidence ellipses from subjects (30 572 men and 183 176 women) stratified by BMI (in kg/m 2 ) and age groups. Within each graph, the ellipse sequence on the left represents women and that on the right represents men. Within each sex, vector down-sloping is observed with decreasing age, ie, the youngest group is represented by the shortest vector and the oldest group by the longest vector, respectively. H, subjects' height; R, resistance; Xc, reactance. Graphically nonoverlapping 95% confidence ellipses are significantly different from each other, P 0.05 (conterminous with a significant Hotelling's T 2 test).
divided our subjects into subgroups according to sex and narrow ranges of BMI and age and 2) each subgroup consisted of a reasonable number of cases.
